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ABSTRACT

Motivated by outstanding issues from a previous case study of a midlatitude cold surge that affected Mexico
and Central America, the climatology of Central American cold surgesisexamined in this paper. Anindependently
derived listing of 177 cold-surge events is employed for which the following properties are tabulated: onset
date, duration, time between cold-surge events, latitude of maximum equatorward penetration (¢,,.), and 48-h
maximum surface temperature change at Merida, Mexico (AT). These data show that 75% of the cold surges
have durations of 2—-6 days, the same timescale as mobile disturbances in the westerlies. Also, there does not
appear to be any relationship between AT and the duration of the event, although cold surges that penetrate to
low latitudes (¢.,, = 7°-10°N) have a weak tendency to persist longer than those that do not penetrate to low
latitudes (¢, = 15°—20°N). In addition, the Reding data indicate that the cold surges tend to reach their most
equatorward extent where topographic features impede the progress of equatorward-moving cold air; the tem-
perature decrease in the postsurge air (as measured by AT) does not appear to be related to the most equatorward
extent.

To examine the planetary- and synoptic-scale patterns associated with different categories of cold surges,
events with similar characteristics from this database were composited: COLD (¢,,, = 10°N and AT = 9°C),
COOL (¢in = 10°N and AT = 4°-5°C), and LONG (eventslasting at |east 8 days). COL D surges are characterized
by a persistent upper-level ridge over the western United States, 200-hPa confluence over the Gulf of Mexico,
and the migration of a Canadian lower-tropospheric anticyclone equatorward along the Rocky Mountains and
the Sierra Madre. In contrast, COOL surges are associated with a progressive, upper-level ridge over the western
United States, weak 200-hPa confluence over the Gulf of Mexico, and the migration of a North Pacific anticyclone
over the intermountain west and into the southeast United States. LONG surges are associated with a slower-
moving planetary-scale pattern; 200-hPa confluence over the Gulf of Mexico; the occurrence of multiple cold
surges, which reinforce the anticyclone over Mexico; and the absence of low-latitude, upper-tropospheric, mobile
short-wave troughs to prematurely weaken the anticyclone. Cold surges (especially COLD) can be associated
with an acceleration of the trade winds over the eastern North Pacific Ocean and play arolein El Nifio-Southern
Oscillation. The results in this paper are compared to the results of previous studies of North American, Central

American, and east Asian cold surges.

1. Introduction

Cold surges from the midlatitudes can have a sub-
stantial impact upon the weather and climate of the trop-
ical atmosphere and ocean [see Schultz et al. (1997,
sections 1 and 2) for areview]. A notable example was
the cold surge into Mexico and Central America asso-
ciated with the eastern United States Superstorm 1993
of 12-14 March (hereafter, SS93), described by Schultz
et al. (1997). That surge brought surface winds gusting
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to 30 m st and lower-tropospheric temperature de-
creases as large as 15°C into Mexico and Central Amer-
ica; the direct effects from that surge were felt as far
equatorward as Panama [see Fig. 1 in Schultz et al.
(1997) for a map showing geographical locations]. The
cold surge also indirectly affected the tropical atmo-
sphere and ocean as manifested by a 6°-8°C decrease
in the sea surface temperature (SST) along the western
coast of Mexico and Central America, a strengthening
of the trade winds by about 5-10 m s—* over the eastern
North Pacific Ocean, and a possible enhancement of
near-surface convergence and convection aong the
ITCZ (Schultz et al. 1997).

Another issue considered by Schultz et al. (1997) was
why the SS93 cold surge reached such low latitudes
(7°N) and was associated with such a large lower-tro-
pospheric temperature decrease. They concluded that
the dynamic forcing associated with the low-latitude
upper-level trough and confluent jet-entrance region
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over Mexico and Central America, in addition to to-
pographic channeling along the Sierra Madre, favored
the extraordinary equatorward incursion of the cold air.
That case study, and the issues raised therein, suggests
that a more comprehensive approach to examining cold-
surge structure and evolution is required. Asin Reding
(1992) and Schultz et al. (1997), a Central American
cold surge (CACS) isdefined in this paper astheleading
edge of acold anticyclone originating poleward of Mex-
ico that has penetrated equatorward to at least 20°N.

The principal goal of this research is to determine
whether distinct categories of CACSs exist and, if so,
to identify characteristic planetary- and synoptic-scale
signatures associated with each category. This research
differs from previous studies of North American cold-
surge classification (e.g., Hill 1969; Dallavalle and Bos-
art 1975; Henry 1979; Rogers and Rohli 1991; Meci-
kalski and Tilley 1992) by presenting the signatures over
a larger area, particularly equatorward of 15°N. The
advantages of this enlarged study domain will be the
ability to illustrate how the extratropical—tropical inter-
actions differ for the various categories of CACSs and
to facilitate qualitative comparison to the abundant lit-
erature on extratropical—tropical interaction associated
with east Asian cold surges.

Section 2 presents some aspects of the climatology
of cold surges and discusses Reding’s (1992) database
of events used for this study. Reding’s climatology
makes it possible to determine categories of CACSs
based on their strength and longevity. In section 3, in-
dividual events from each category are averaged to-
gether to form composite events to illustrate the struc-
ture and evolution of the planetary- and synoptic-scale
features, discriminating between the different categories
of CACSs. The implications for El Nifio-Southern Os-
cillation (ENSO) are discussed in section 4 and a brief
summary is presented in section 5.

2. Climatology of Central American cold surges

A variety of studies employing different methodol-
ogies have shown that cold surges originating from the
midlatitudes moving into Mexico and Central America
are common occurrences during the cold season (e.g.,
Hill 1969; Klaus1973; DiMego et al. 1976; Henry 1979;
Reding 1992). Additionally, Hill (1969, 67-68) showed
that 80%—95% of all negative changes in interdiurna
temperature in eastern Mexico during the cold season
(November—April) wererelated to cold-frontal passages.
We would therefore expect cold surges to occur often
enough and with sufficient intensity to have an impact
on the climatology of Mexico and Central America

a. Regional radiosonde climatology

To test this hypothesis, a climatology is constructed
from observational radiosonde datafrom seven different
stations, all near 18°—21°N. These seven stations sample
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the east Pacific Ocean [Isla Socorro, Mexico (SOC)],
eastern Mexico [Veracruz, Mexico (VER); Merida,
Mexico (MID)], the Caribbean [Owen Roberts Airport,
Grand Cayman (MWCR); Guantanamo Bay, Cuba
(MUGM); San Juan, Puerto Rico (TJSJ)], and the Lee-
ward Islands [Juliana Airport, St. Maarten (TNCM)].
The radiosonde data come from the National Center for
Atmospheric Research—National Climatic Data Center
(NCAR-NCDC) Radiosonde Data of North America,
Version 1.0 compact disc for the years 1946-92
(Schwartz and Govett 1992). The mean and standard
deviation of 1000-hPa temperature, 1000-hPa wind
speed, and sea level pressure, and their mean values for
each 10° increment in wind direction, for al available
times during the cold season (November—April) for each
station were calculated (Table 1).

Because these seven stations all lie along nearly the
same latitude, variations in these parameters will indi-
cate either longitudinally varying climatological fea-
tures or local effects such as sea breezes. Table 1 shows
that the three stations near a large body of land (VER,
MID, and MUGM) have the lowest average 1000-hPa
temperature (T,q),* largest standard deviation of 1000-
hPa temperature (o, ), and lowest 1000-hPa temper-
ature from a particular wind direction (T,;,), usualy
from the west through northeast directions. In particular,
T.in @ VER (19.6°C) is nearly one standard deviation
(2.9°C) below the mean (T, = 22.2°C), illustrating
the impact that northwest winds behind cold surges can
have on the climate of VER. In addition, at VER and
MID, the standard deviation of the sea level pressure
(0,,4) is higher than the other stations, since these sta-
tions are impacted by the periodic passage of anticy-
clones during the cold season, which tend to stay cen-
tered over (or near) landmasses. When the wind is from
the north-northwest (330°-340°) at VER, the sea level
pressure (P...) and the wind speed (V,.,) are both a
maximum, about a standard deviation greater than their
mean values, indicating the extent to which cold surges
impact the local climatology. Progressing farther east
(MWCR, MUGM, TJSJ, TNCM), the wind direction
associated with T,,, turns from the northwest to the
northeast, as the northeast trade winds are reinforced by
cold anticyclones passing off North America and mov-
ing eastward poleward of these stations. Also, under the
influence of a more maritime tropical climate, the vari-
ability in sea level pressure and wind speed decreases
(Table 1).

These results from Table 1 indicate that lower tem-
peratures, stronger wind speeds, and higher pressures
accompany the lower-tropospheric north-northwesterly
winds associated with cold surges. These cold surges
affect the climate of eastern Mexico (e.g., VER and

1 The low T4, at SOC occurs because of the climatologically cool
water off the west coast of North America.
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TaBLE 1. Climatology of radiosonde data for seven stations lying along 18°—21°N. Lat (Long) is the latitude (longitude) of the station.
Here, “Elev.” is the station elevation, N,y is the number of observations composing the climatology, N_,., IS the number of observations
with p,y < 1000 hPa excluded from the climatology, T,., iS the average 1000-hPa temperature for all wind directions, 01y, 1S the standard
deviation of the 1000-hPa temperature for al wind directions, and T,,, is the minimum average 1000-hPa temperature among each 10°
increment of wind direction and occurs from the direction ¢, (e.g., 340° represents an average of all events when the wind direction is
340°-349°). **Range’ represents a subjective determination of the wind directions accompanying temperatures bel ow the mean (wind directions
must comprise at least 1% of the total number of observations). Here, Pgq is the average sea level pressure, o, is the standard deviation
of the sea level pressure, p,., IS the maximum average sea level pressure among each 10° increment of wind direction and occurs from the
direction ¢, _, V.o IS the average 1000-hPa wind speed, 0Oy, 1S the standard deviation of the 1000-hPawind speed, and V,,,, is the maximum
average 1000-hPa wind speed among each 10° increment of wind direction and occurs from the direction ¢,, _ .

Stat. Isla Guantanamo San
name Socorro Veracruz Merida Grand Cayman Bay Juan St. Maarten
Stat. SOC VER MID MWCR MUGM TJSI TNCM
no. 76723 76692 76644 78384 78367 78526 78866
Lat (°N) 18.72 19.12 20.98 19.28 19.89 18.43 18.05
Long w) 110.95 96.12 89.65 81.34 75.15 66.00 63.12
Elev. (m) 35 35 9 3 17 19 9
N0 2298 7070 11 365 12 476 7733 15 884 7173
N_ 1000 0 6 5 0 5 3 1
Taomo (°C) 21.9 22.2 23.6 24.5 23.2 23.7 24.4
O (°C) 17 2.9 3.7 12 23 11 1.0
i (°C) 20.9 19.6 21.8 22.8 21.6 23.4 23.7
o ©) 340 320 070 010 350 120 & 130 020
Range ©) 300-010 260-340 320-100 360-050 330-060 020-150 020-080
Pus. (hPa) 1011.5 1012.7 1013.6 1014.2 1012.6 1015.1 1015.4
O (hPa) 32 5.2 4.0 1.8 2.4 1.8 1.7
P (hPa) 1012.9 1017.1 1015.8 1015.5 1013.8 1016.0 1016.0
Do ©) 030 330 060 020 050 080 070
Viooo (ms™) 37 5.6 5.6 5.7 39 55 6.6
gy (ms™) 1.8 3.0 1.8 22 1.7 22 2.1
. (ms™) 5.2 9.4 6.2 7.0 5.1 71 7.2
©) 040 340 040 050 100 070 070

MID) to a greater degree compared to other stations at
the same latitude. Furthermore, it would be useful to
know the variability of characteristics of individual cold
surge events for comparison with other events in the
past and the climatology in Table 1. For example, if the
SS93 cold surge was unusually strong compared to other
events (as measured by, e.g., the temperature decrease
behind the surge and the latitude of most equatorward
extent), then understanding the conditions that are fa-
vorable for strong surges could lead to improved fore-
casting of such events. [The difficulty that numerical
weather prediction models have predicting cold surges
has been noted by Colucci and Bosart (1979), Grumm
and Gyakum (1986), Weiss (1992), and Mesinger
(1996).]

b. Reding's methodology

Reding (1992) compiled a table of CACS events that
occurred during the 11 cold seasons (October—March)
from 1979-80 through 1989—90. Reding identified cold
fronts over the southern United States using the National
Centers for Environmental Prediction (previously
known as the National Meteorological Center) Northern
Hemisphere surface analyses and tracked them into Cen-
tral America using hourly satellite imagery. He then
reviewed the hourly surface observations from MID for

each potential cold surge and found good agreement
between the surface frontal passage as determined from
the satellite imagery and a daily maximum temperature
decrease of 4°C or more at MID within 48 h after frontal
passage and sustained surface winds from 300° to 030°
for more than 24 h after frontal passage. For the 11-cold-
season period, Reding (1992, 166-176) identified 177
CACS events—an average of 16.1 per cold season. This
valueis consistent with results from other climatol ogies,
despite a variety of criteria and methodol ogies (Schultz
et al. 1997, section 2b).

For each event, Reding recorded the onset date at
MID, duration D, maximum equatorward penetration
(or minimum latitude, ¢,,,), and the largest decreasein
the daily maximum temperature at MID within 48 h
after frontal passage (AT). He defined the duration of
the event as ‘‘the time, in days, between CACS onset
at MID and when cloud features [evident on the satellite
imagery] indicate east-northeast low-level trade wind
flow has regained control over all of Central America’”
(Reding 1992, 33). The maximum equatorward pene-
tration was defined as ‘‘the southernmost location at
which cloud features indicate northerly—northwesterly
low-level cold surge flow is affecting the Central Amer-
ican land mass” (Reding 1992, 33).

Asan independent test of Reding’s data, we examined
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the radiosonde data for CACS events using his criteria
(modified slightly to account for the different temporal
resolution of the sounding data versus the surface/sat-
ellite data used by Reding: 12 h versus 1 h). The ra-
diosonde data for all available times during the cold
season (October—March) at MID from 1957 to 1989
were searched for all events in which the 0000 UTC
surface temperature on consecutive days decreased by
4°C or more (AT,) and the surface winds were from
300° to 030° (including calm) for at least 24 h. The
duration of the event was then defined as the number
of days during which the winds remained between 300°
and 030°.

Of the 363 cases identified from the MID radiosonde
data by our criteria (averaging 11.0 events per cold sea-
son), 97 occurred during the same period as Reding's
177 events. Of these 97, 70 (72%) were also included
in Reding's dataset. For the 80 events that were iden-
tified by Reding's criteria but not ours, the primary rea-
sons why they were not selected were (a) small AT (4°—
6°C) and smaller AT,. (<4°C) (likely due to the max-
imum temperature the day before onset being reached
before 0000 UTC), (b) missing radiosonde data, or ()
cold-surge events that did not meet the wind criterion.
Of the 27 events (28%) that were not part of Reding’'s
cases, most had asmall AT, of 4°-6°C or were associated
with anticyclones that either rapidly dissipated over the
Gulf of Mexico or passed over the southeast United
States, only obliquely affecting MID. An inspection of
daily horizontal (e.g., surface, 850, 500 hPa) maps for
many of these CACSs indicate that their structure and
evolution were similar to those selected by Reding.
Therefore, despite the differences in the way the du-
ration and temperature change were calculated at MID,
our results for a longer time period are comparable to
Reding's (1992). This comparison provides additional
support for the usefulness of Reding’s listing of CACS
events and gives us confidence to proceed with our anal-
ysis based upon his data.

c. Frequency plots

A frequency plot based on Reding’s data of the num-
ber of cold surges as a function of temperature change
at MID and duration is shown in Fig. 1. On the right-
hand side of Fig. 1 is a line graph of the number of
cold surges over Reding's 11-cold-season period as a
function of AT showing that the number of CACSs de-
creases as AT increases from 4°C [the minimum crite-
rion for a CACS defined by Reding (1992)] to a max-
imum of 17°C. On the left side of Fig. 1, the number
of cold surges as a function of both AT and D is dis-
played. Both short- (1 day) and long- (11-12 days) du-
ration events are characterized by relatively small tem-
perature changes, which may be due to the small sample
size for these extreme values. Otherwise, there is no
obvious relationship between AT and intermediate val-
ues of D (2—10 days), suggesting that large temperature
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Fic. 1. Frequency of duration (D, in days) vs daily maximum
temperature change at MID within 48 h after frontal passage [AT
(°C), defined in the text]. Plotted numbers represent the number of
eventsin the 11-cold-season period used by Reding (1992). Theright-
hand side presents a line graph of the number of events as a function
of the daily maximum temperature change at MID within 48 h after
frontal passage. Plotted values for frequencies may not add up to the
totals on the vertical axis of the line graph since some events may
be missing duration values.

decreases behind the cold surge are not necessarily as-
sociated with more persistent events. Apparently the
process or processes that affect the longevity of CACSs
show little sensitivity to the temperature decrease as-
sociated with the surge (a point made again in section
3e).

In Fig. 2 the relationship between the duration of cold
surges and their maximum equatorward extent is ex-
amined. Along the top of Fig. 2 is a line graph of the
number of cold-surge events during the 11-cold-season
period as afunction of D, showing that 75% of the cold
surges tend to persist for 2—6 days with a maximum at
3-4 days, the curve decreases sharply at one day, and
is skewed toward longer durations, reaching amaximum
of 13 days. We believe that it is no coincidence that the
typical duration of cold surges (2—6 days) is approxi-
mately the same timescal e as the period between mobile
disturbances in the westerlies and their associated sur-
face cyclogenesis (e.g., Bjerknes and Solberg 1922, 17—
18; Hill 1969, 6; Blackmon 1976). These results are
consistent with Colle and Mass (1995, their Fig. 27€)
and Schultz et al. (1997, their Figs. 9b,d), who show
that the cessation of the northerlies over northern Mex-
ico (the source of cold, high-momentum air for the surge
farther equatorward) was attributed to the approach of
an upper-level short-wave trough, resulting in pressure
falls over eastern Mexico and increasing southerlies,
several days after the initiation of the cold surge.

The bottom of Fig. 2 indicates a trend (roughly
marked by the dashed line) for surges that penetrate to
low latitudes to persist longer than those that do not
penetrate to low latitudes, in agreement with Henry
(1979, his Table 3). The spread for any given value of
D or ¢, however, can be rather substantial, resulting
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Fic. 2. Frequency of duration (D, in days) vs most equatorward
extent [¢,., (°N), defined in the text]. Plotted numbers represent the
number of eventsin the 11-cold-season period used by Reding (1992).
The dashed line represents the approximate axis of maximum fre-
guency. The top presents a line graph of the number of events as a
function of duration. Plotted values for frequencies may not add up
to the totals on the axis of the line graph since some events may be
missing most-equatorward-extent values. The label LONG represents
cases selected for the LONG composite.

in limited value as a predictive tool. There is, however,
an absence of medium- and long-lived surges (four days
or greater) when ¢, = 17°N, indicating that surges
that do not reach Honduras are more susceptible to ces-
sation by ensuing mobile short-wave troughs in the up-
per-level westerlies.

A reasonable hypothesis might be that relatively low-
latitude surges would be less likely to occur since the
terminus of the cold surge in Central America lies so
far equatorward from the source region of the cold air.
Inspection of Fig. 2 indicates that this hypothesis does
not appear to be valid. Indeed, Fig. 3 addresses this
apparent contradiction as its right-hand side illustrates
the number of CACSs during the 11-cold-season period
as afunction of the latitude of most equatorward extent.
There are four main latitude bands where CACSs tend
to reach their most equatorward extent: 16°, 13°-14°,
11°, and 7°-8°N. Three of these regions appear to be
due to topographical barriers that impede the advance
of the cold surge [see Schultz et al. (1997, Fig. 1) for
topography]: the abrupt right-angle bend of the Sierra
Madres in Honduras at 16°N, the ridge of mountainsin
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Costa Rica equatorward of Lake Nicaraguaat 11°N, and
the Panamanian isthmus and mountains of northern Co-
lombia at 7°-8°N (Reding 1992, 41). The fourth, and
largest, maximum in Fig. 3 at 13°-14°N lies along a
relatively flat topographic area on the Atlantic coast of
Nicaragua, appearing to rule out orographic effects;
presently, we have no satisfactory explanation for this
maximum.?

The left-hand side of Fig. 3illustratesthe relationship
between AT and ¢,,;,- While there is a tendency for the
coldest surges (those with the largest AT) to penetrate
deepest into the Tropics (those labeled COLD), thisis
certainly not the rule. In fact, some surges with small
AT (4°-5°C) also reach asfar equatorward as 7°N (those
labeled COOL), whereas many cold surges with AT
greater than or equal to 8°C stall at relatively high lat-
itudes (13°-18°N). Thiswould appear to be at odds with
a hypothesis that those CACSs bearing the largest tem-
perature difference would travel the farthest equator-
ward, akin to gravity currents (e.g., Simpson 1987, 40).
Also apparent from Fig. 3 is that the CACS associated
with SS93 (its location, were it to be included among
this data, is circled and labeled SS'93) would be tied
for the second most intense cold surge.

3. Composite analyses of Central American cold
surges

To identify the planetary- and synoptic-scale features
associated with CACSs possessing different character-
istics (e.g., low-latitude, long-duration), groups of cases
are selected from Reding's dataset from which com-
posites can be constructed to illustrate average cold-
surge life cycles.

a. Methodology

The European Centre for Medium-Range Weather
Forecasts (ECMWF) 2.5° latitude X 2.5° longitude in-
itialized analyses from December 1978 through Decem-
ber 1989 (December 1979 missing) on isobaric surfaces
are used to create the composite fields from the indi-
vidual CACS events. As noted by Bengtsson et al.
(1982, 33-34), ECMWF calculates geopotential height

2 One hypothesis for the occurrence of this maximum might be that
surges are slowed as they reach the northern extent of the strong
climatological easterlies north of South America around this latitude
(Hastenrath 1967) and perhaps merge with them (Schultz et al. 1997).
Another hypothesis is that there may be enough leakage of cold air
through the gap in the Central American mountains near Lake Nic-
aragua to limit the further equatorward progression of fronts at this
latitude or that the cold air associated with some surges, having ad-
vanced equatorward of the Honduran mountains, becomestoo shallow
to progress farther and is quickly modified by sensible heating. A
third possible explanation may lie in Reding’s satellite-image inter-
pretation criteria for ¢,,,. It may be possible that there is a clima-
tological limit to the trade-wind stratocumulus that may be affecting
the interpretation of his results.
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Fic. 3. Frequency of dailly maximum temperature change at MID within 48 h after frontal
passage [AT (°C)] vs most equatorward extent [ ¢,,, (°N), defined in the text]. Numbers represent
the number of events in the 11-cold-season period used by Reding (1992). A circle and the
notation SS' 93 represent the location of the CACS associated with Superstorm 1993 (13 March)
(Schultz et al. 1997), if it were included in this dataset; note that it is coincident with an event
from Reding (1992). The labels HIGH, LOW, COLD, and COOL represent cases selected for
those individual composites. (LOW composites not shown in this paper.) The right-hand side
presents a line graph of the number of events as a function of the latitude of most equatorward
extent. Plotted values for frequencies may not add up to the totals on the axis of the line graph
since some events may be missing daily maximum temperature change values.

fields for pressure levels below ground by extrapolating
from the observed mean sea level pressure deviations
and the model first-guesstemperatures. Although weath-
er features over Mexico, Central America, and the North
Atlantic and North Pacific Ocean basins investigated in
this study are not found in regions of abundant data, we
believe the analyses are adequate for the present study.
As discussed by Trenberth and Olson (1988) and Tren-
berth (1992, 1, 4), the ECMWF analyses are believed
to be the best available for general research. The quality
of the analyses in the midlatitudes is high (Trenberth
and Olson 1988) and the analyses have been employed
in numerous studies. Even in the Tropics, the ECMWF
analyses have been useful for a variety of planetary-
and synoptic-scale studies [e.g., see Molinari et al.
(1997)]. More specific discussion of the ECMWF anal-
yses and their shortcomings is found in Hoskins et al.
(1983, 1610-1611) and Trenberth (1992).

To examine the composite CACSs that reach high
latitudes (large ¢,,n), all CACSs based on Reding's list
of events for which ECMWF analyses are available are
selected where ¢, is greater than or equal to 16°N (see
right side of Fig. 3). This criteriaselects 33 cases, which

are then averaged together at 1200 UTC (to minimize
diurnal effects) on the onset date of each surge (hereafter
day 0) to produce the composite high-latitude cold-surge
event (hereafter HIGH). Time-lagged composites are
then created. For example, day —3 indicates the com-
posite of all events three days (72 h) prior to 1200 UTC
on the onset date of each individual event.

While most of the events comprising HIGH possess
relatively modest AT, cases where ¢,,, is less than or
equal to 10°N (LOW in Fig. 3) possess a large range
of AT (COLD versus COOL in Fig. 3). Two composites
of eight cases each are therefore constructed: COLD
(AT = 9°C) and COOL (4°C = AT = 5°C). The indi-
vidual CACS events upon which the COLD and COOL
composites are based are listed in Tables 2 and 3, re-
spectively.

To investigate the longevity of cold surges (i.e., why
some surges persist for as long as 13 days while others
persist only for a few days; see, e.g., Fig. 2), one fina
pair of composites is created based on the duration of
the surge D. To create the long-duration composite cold
surge (LONG), 24 CACS events (Table 4) are selected
that persist for D = 8 days (top of Fig. 2). Another
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TABLE 2. Cases that the COLD composite comprises: Cold-surge
events that reach low latitudes (¢, < 10°N) with a large daly
maximum temperature change at MID within 48 h after frontal pas-
sage (AT = 9°C). Parameters defined in section 2b. Data from
Reding (1992).

SCHULTZ ET AL. 11

TABLE 3. Cases that the COOL composite comprises: Cold-surge
events that reach low latitudes ((¢,,, < 10°N) with a small daily
maximum temperature change at MID within 48 h after frontal pas-
sage (AT = 4°-5°C). Parameters defined in section 2b. Data from
Reding (1992).

Broin AT D Prior surge Brain AT D Prior surge

Onset date (°N) (°C) (days) (days) Onset date (°N) (°C) (days) (days)

6 Mar 1989 7 17 7 12 16 Jan 1981 7 4 5 5
22 Dec 1989 7 15 8 9 3 Dec 1981 7 4 10 12
22 Feb 1989 7 11 7 13 29 Dec 1983 7 5 12 4

6 Feb 1987 7 9 9 12 17 Dec 1980 8 4 6 5
21 Mar 1986 8 13 10 20 18 Dec 1981 8 4 5 3

2 Mar 1980 8 12 3 5 6 Nov 1984 8 4 3 37

3 Jan 1985 8 11 7 27 28 Oct 1987 8 4 6 27

1 Feb 1980 8 10 5 8 15 Feb 1985 9 5 2 4
Average 75 123 7.0 133 Average 7.8 43 6.4 121
Std dev 0.5 2.5 2.1 6.6 Std dev 0.7 0.4 3.2 12.0

composite is generated at 1200 UTC on the date of
cessation (the onset date plus the duration) at which
each individual long-duration surge ends. This com-
posite is hereafter referred to as LONGC.

Anomaly fields are defined as departures of the com-
posite fields from weighted monthly climatological val-
ues; that is, the climatological field is constructed from
monthly averages that are weighted according to the
number of events with onset dates in each month. For
example, the climatological fields for the COLD com-
posite (Table 2) are constructed by multiplying the De-
cember, January, February, and March climatological
fields by 1/8, 1/8, 3/8, and 3/8, respectively, and sum-
ming the results. Likewise, differently weighted cli-
matologies are created for the other composites (e.g.,
the weights for COOL and LONG are obtained from
the number of events in each month in Tables 3 and 4,
respectively). The monthly mean climatological fields
are the ECMWF analyses for the 10-yr period 1979—
88. The two-tailed Student’s t-test is used to express the
probability that the composite (mean) is statistically dif-
ferent from climatology (Panofsky and Brier 1968). Un-
less noted otherwise, the anomalies discussed in this
paper are statistically significant to at least the 95%
confidence level, with most anomalies significant to
99% (not shown).

We begin by examining the differences in the plan-
etary- and synoptic-scale patterns between CACSs,
which penetrate far equatorward but have large and
small AT (COLD and COOL, respectively).

b. COLD

To illustrate the upper-level nondivergent flow, the
COLD 200-hPa streamfunction composite and anomaly
fields from the weighted climatology at days —3, —1,
+1, and +3 are presented in Fig. 4. Three days prior
to the onset of the cold surge at MID, the planetary-
scal e flow consisted of astronger-than-normal jet stream
over the eastern United States and the western North
Atlantic Ocean (as indicated by the low streamfunction

anomaly poleward of the jet and the high anomalies
within and equatorward of the jet) (Fig. 4a). The jet
stream over the central North Pacific Ocean, on the other
hand, was weaker than normal and shifted slightly equa-
torward (as indicated by the high streamfunction anom-
aly west of Alaska poleward of the low anomaly cen-
tered near 30°N, 170°W), and the jet-exit region over
the eastern North Pacific was anomalously diffluent (as
indicated by the high streamfunction anomaly poleward
of the low streamfunction anomaly at 10°N, 135°W).
By day —1, an amplifying trough in the jet at 145°W

TABLE 4. Cases that the LONG composite comprises: Cold-surge
events that have a long duration (D = 8 days). Here, M is missing
data and the asterisk is the first event of the cold season. Parameters
defined in section 2b. Data from Reding (1992).

Brnin AT D Prior surge
Onset date (°N) (°C) (days) (days)
1 Oct 1987 14 M 13 *
29 Dec 1983 7 5 12 4
28 Nov 1988 13 5 11 6
11 Jan 1983 8 6 11 9
20 Jan 1983 13 4 11 3
8 Oct 1988 16 M 11 *
1 Oct 1983 16 M 10 *
21 Jan 1989 13 6 10 36
9 Jan 1986 7 6 10 15
3 Dec 1981 7 4 10 12
1 Mar 1987 13 5 10 13
21 Mar 1986 8 13 10 20
25 Jan 1988 8 M 9 4
6 Feb 1987 7 9 9 12
3 Oct 1980 16 6 9 *
4 Nov 1982 11 5 8 19
2 Jan 1983 14 7 8 17
19 Oct 1989 13 8 8 *
17 Dec 1980 8 4 8 5
4 Feb 1984 13 7 8 8
22 Dec 1989 7 15 8 9
30 Nov 1987 9 6 8 10
30 Nov 1989 13 5 8 6
28 Nov 1979 13 6 8 16
Average 111 6.6 9.5 11.8
Std dev 3.2 28 14 7.6
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Fig. 4. COLD: 200-hPa composite streamfunction (thin dashed lines every 15 X 10-¢ m? s7%), streamfunction anomalies from weighted
climatology [X10-¢ m? s %, contoured and shaded according to scale at bottom of figure; solid (dashed) lines surround positive (negative)
values], and 200-hPa composite isotachs of total horizontal wind (thick solid lines every 10 m s~* starting at 30 m s%): (@) day —3, (b) day

~1, (c) day +1, (d) day +3.

was associated with strong ridge-building over the Pa-
cific coast of North America and a degpening trough at
10°N, 130°W (Fig. 4b), reminiscent of the positive phase
of the Pacific-North American pattern (Wallace and
Gutzler 1981, their Fig. 17a). This low-latitude trough
suggests a stronger-than-normal westerly duct near the
equator favoring cross-equatorial communication (\Web-
ster and Holton 1982) and, in association with the ridge
off the east coast of the United States, resulted in south-
westerly flow over Mexico into a strong, low-latitude,
subtropical jet-entrance region over the Gulf of Mexico
by day +1 (Fig. 4c). This confluent jet-entrance region
is consistent with that for the SS93 cold surge (Schultz
et al. 1997, their Figs. 5¢ and 6d), in which the direct
secondary circulation associated with the upper-level
jet-entrance region (e.g., Beebe and Bates 1955; Uccel-
lini and Johnson 1979) favored subsidence across north-
ern Mexico and the southern United States with low-
level northerlies farther equatorward (Schultz et al.

1997, their Figs. 7 and 8). The subsidence on the po-
leward side of the jet-entrance region (acting in concert
with the upstream ridge) maintains the anticyclone at
low latitudes and the low-level northerlies [acting in
concert with the topographically forced northerlies(Col -
le and Mass 1995)] maintains the equatorward move-
ment of the anticyclone. A similar interaction between
cold surges and jet stream circulations has been dis-
cussed in east Asia (e.g., Chang and Lau 1980; Lau et
al. 1983; Chu and Park 1984; Boyle 1986b; Lau and
Chang 1987). By day +3 (Fig. 4d), the eastern United
States trough continued to deepen while moving east-
ward across Florida as the ridge downstream over the
Atlantic amplified in a manner reminiscent of down-
stream development (e.g., Joung and Hitchman 1982;
Lau et al. 1983; Orlanski and Sheldon 1995).

The corresponding 1000-hPa geopotential height
(hereafter height) composite and anomaly fields are pre-
sented in Fig. 5 to illustrate the structure and evolution
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Fic. 5. COLD: 1000-hPa composite geopotential height (solid lines every 2 dam), and geopotential height anomalies from weighted
climatology [dam, contoured and shaded according to scale at bottom of figure; solid (dashed) lines surround positive (negative) values|:

(a) day —3, (b) day —1, (c) day +1, (d) day +3.

of the lower-tropospheric features. The arrival of a cy-
clone into the Gulf of Alaska (Figs. 5ab) associated
with the upper-level short-wave trough exiting the North
Pacific jet and strong ridge-building over the western
United States (Figs. 4a,b) resulted in downstream trough
formation over the central United States, leading to the
initiation of the equatorward movement of the anticy-
clone associated with the cold surge. As noted by Dal-
lavalle and Bosart (1975), Boyle and Bosart (1983),
Konrad and Colucci (1989), Mecikalski and Tilley
(1992), Colle and Mass (1995), and Schultz et al.
(1997), among others, the equatorward movement of
the anticyclone is accompanied by the departure of a
short-wave trough from the western United Statesupper-
level ridge. Additionally, this evolution is consistent
with that of east Asian cold surges in which an inten-
sifying upper-level short-wave trough downstream of a
high-amplitude Siberian ridge initiates the cold surge
(e.g., Chang and Lau 1980, 1982; Joung and Hitchman
1982; Lau and Lau 1984; Boyle 1986a; Boyle and Chen

1987; Wu and Chan 1997). The anticyclone in COLD
originated over Alaska and south-central Canada,
strengthened, expanded, and advanced equatorward by
day —1 (Figs. 5a,b). [The above-normal height in Alas-
kaprior to cold-surge onset east of the Rocky Mountains
has been recognized as early as Henry et a. (1916,
345).] The great expanse of anomalously high height
over the central United States was notable for the ab-
sence of any southwesterly flow across the Rockies,
which would favor downslope warming and lower the
1000-hPa height (Fig. 5a). The anticyclone migrated
farther equatorward along the Sierra Madre so that, by
day +1, the anticyclonic height anomaly was centered
over northern Mexico (Fig. 5¢). By day +3, the com-
posite 1000-hPa anticyclone was being pulled apart in
two directions: one headed equatorward along the Sierra
Madre and another moving eastward over the Ohio Riv-
er valley (Fig. 5d), suggesting that both orography/sen-
sible heating (Colle and Mass 1995) and dynamical pro-
cesses, respectively, were affecting the movement of the
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anticyclone [see also Mecikalski and Tilley (1992, Fig.
5¢); Colle and Mass (1995, Fig. 3); Schultz et al. (1997,
Fig. 16)]. Along with a strengthening anticyclone at
40°W (Figs. 5b—d), the col between the two highs
formed a hyperbolic deformation zone (e.g., Bergeron
1928) along 70°W, which would favor frontogenesis and
maintain stalling fronts in this region. During days —3
to +1, a weak 1000-hPa cyclone, associated with the
200-hPa trough over the southeast United States (Fig.
4c), moved from over the southwest United States, re-
developed over the Gulf of Mexico, and traveled po-
leward along the East Coast (Figs. 5a—d), similar to the
‘“cold southeast United States’ composite of Dickson
and Namias (1976).

To demonstrate the magnitude and areal extent of the
lower-tropospheric cooling associated with the cold
surge, the 850-hPa temperature composite and anomaly
fields are shown in Fig. 6. Three days before the surge
onset (Fig. 6a), anomalously low temperatures associ-
ated with the 1000-hPa anticyclone (Fig. 5a) dominated

much of the northern United States and southern Canada
while anomalously high temperatures (~2°C) were
found along the Gulf Coast of the United States. During
days —1 through +1, the cold air expanded and was
channeled equatorward along the mountains (Figs.
6b,c). By day +3, cooling on the order of 2°-4°C had
spread al the way into northwestern Colombia, maxi-
mized along the Sierra Madre, across the Gulf of Mex-
ico, and along the east coast of the United States on the
east side of the 1000-hPa anticyclone (Figs. 5d, 6d).
The 200-hPa ridge-building over the Pacific coast (Figs.
4a—) was associated with warming in the lee of the
northern Rockies (Figs. 6¢,d), which induced the trough
in the surface anticyclone in this region (Figs. 5c,d).
The 850-hPa streamfunction composite and anomaly
fields and composite isotachs are shown in Fig. 7 to
illustrate the evolution of the lower-tropospheric non-
divergent wind field, particularly in the Tropics where
height gradients are weak. The amplifying trough over
the eastern North Pacific Ocean and ridge over the west-
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ern United States were apparent from days —3 to —1,
aswas an anticyclonic anomaly over the Caribbean with
strong easterly trade winds on its equatorward flank near
Nicaragua (Figs. 7a,b). The arrival of the cold surge and
its associated anticyclonic circulation into Mexico re-
sulted in strong northerly flow in the Gulf of Tehuan-
tepec and northeasterly flow in the Gulf of Papagayo,
whereas the developing col over the Caribbean caused
the wind maximum north of South America to weaken
(Fig. 7c). By day +3 (Fig. 7d), the flow across Central
America was composed of the confluence of two air
streams, one from the north associated with the cold
surge and the other from the northeast associated with
the trade winds north of South America. This same con-
fluence was seen in the cold surge associated with SS93
(Schultz et al. 1997, Fig. 5a). Also at day +3, the equa-
torward advance of the anticyclone continued, strength-
ening the trade winds by 2—6 m s* across 60° of lon-
gitude from Costa Rica to 140°W (Fig. 7d). This

strengthening of the trade-wind belt at low latitudesafter
the arrival of cold surges has been discussed by Riehl
(1954, 273; his *‘surges of the trades”); he noted that
the trade-wind surges can last for several days and span
thousands of kilometers as wind speeds increase to 15—
25 m s~ For the cold surge associated with SS93, the
surface winds in the ECMWF analysis increased up to
10 m s * along 20° of longitude (90°-110°W) over the
eastern Pacific (Schultz et al. 1997, their Figs. 2a, 9b).
Chang et al. (1979) have also noted strengthened lower-
tropospheric northeasterlies in the Tropics associated
with east Asian cold surges.

c. COOL

The 200-hPa streamfunction anomaliesin COLD dif-
fer from those in COOL in that a cyclonic anomaly
preexisted over the southeast United States and a larger
area of anticyclonic anomalies was found over the east-
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ern North Pacific in COOL at day —3 (cf. Figs. 4ato
8a). This pattern resulted in the upper-level flow over
northern Mexico and the Gulf of Mexico being weaker,
more zonal, and less confluent than in COLD. By day
—1, adeepening trough over the Mississippi Valley was
apparent and a broader, higher-amplitude ridge in the
western United States was present compared to COLD
(cf. Figs. 4b to 8b). After the surge onset, the amplitude
of the ridge in COOL weakened considerably compared
to the nearly constant amplitude maintained by the an-
ticyclonic anomaly in COLD (cf. Figs. 4c,d to 8c,d).
Also, the trough in the eastern United States was much
farther north and east in COOL relative to that in COLD
(cf. Figs. 4c,d to 8c,d). This flow evolution meant that
there was less inferred dynamical forcing for the equa-
torward movement of the cold air and lower-tropo-
spheric anticyclone because (@) the absence of the 200-
hPa confluence meant the absence of the lower-tropo-
spheric ageostrophic northerlies in eastern Mexico that
would aid in the equatorward movement of cold air, (b)
the rapid collapse of the western United States ridge
inhibited further support for the anticyclone from higher

4 except for COOL.

latitudes, and (c) the more northward and eastward mo-
tion of the eastern United States cyclone favored the
quick advance of the cold air away from the Tropics.
At day —3, two 1000-hPa anticyclonic height anom-
alies were present in COOL (Fig. 9a): one over eastern
Mexico (not statistically significant) and another off-
shore of northern California associated with the 200-
hPa anticyclonic anomaly exiting the Pacific jet (Fig.
8a). The anomaly in Mexico was related to previous
surges, as Table 3 indicatesin five out of the eight cases
that this composite comprises (explaining why this
anomaly was not statistically significant) occurred with-
in five days of a previous cold surge. The presence of
higher heights (and cooler air; see Fig. 10a) in Mexico
therefore mitigated any large temperature decreases
from later surges [also noted by Mecikalski and Tilley
(1992)]. Likewise, the arrival of the anticyclone from
the eastern Pacific (as opposed to central Canada as
occurred in COLD) would bring cooler air, likely of
Pacific origin (as opposed to much colder continental/
arctic air), equatorward (cf. Figs. 5a,b to 9ab). The
center of the anticyclone in COOL moved from the
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North Pacific Ocean, over the mountains of western Wy-  the lower-tropospheric cyclone and anticyclone (e.g.,
oming and Colorado, into the southeast United States, Fig. 9b), was centered over lowa at day —1, reached
and up along the Appalachians (Figs. 9a—d), similar to the Carolinas by day +1, and eventually moved off
the tracks of orographically modified anticyclones dis- the east coast of the United States (Figs. 10b—d). The
cussed by, among others, Klein (1957), Hsu (1987),and  850-hPa cooling in Mexico and Central America
Wallace et al. (1988). Compare the track in Figs. 9a—d amounted only to 2°-4°C compared to up to 10°C in
to that of the composite anticyclone in COLD, which COLD (cf. Figs. 6d to 10d). The thermal ridge down-
originated east of the Canadian Rockies and moved stream of the cold surge was of much higher amplitude
equatorward along the mountains into Central America than that in COLD (cf. Figs. 6c¢,d to 10c,d) and ap-
(Figs. 5a—d). The trailing ridge in Mexico and Central peared to be associated with the stronger East Coast
America in COOL (Fig. 9d) is further evidence of or- cyclogenesisin COOL (Fig. 9c,d).
ographic channeling, even for surges with weaker tem- The 850-hPa anticyclonic streamfunction anomaly re-
perature contrasts. sponsible for the cold surge originated over the eastern
The 850-hPa temperature anomalies for COOL are North Pacific and maintained its intensity as it moved
shown in Fig. 10. A major difference between the onshore compared to the rapid amplification over west-
COLD and the COOL composites isthe near absence ern North America of the corresponding anomaly in
of anomalously cold air in Canadain the COOL cases COLD (cf. Figs. 7a,b to 11ab). Other notable differ-
(cf. Figs. 6ato 10a). As noted earlier, previous cold- ences between COLD and COOL includethe hyperbolic
surge events in some of the cases comprising COOL  deformation zone over the Caribbean in COOL being
resulted in below-normal temperatures in the south- farther east than in COLD, acting to draw the cold air
east United States and Gulf of Mexico (Fig. 10a). The farther east, and the postsurge increase in the trade
cold anomaly, associated with northerly flow between winds over the eastern North Pacific being less im-
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pressive (0—2 m s™1), but a bit more zonally extensive
along 150°-160°W (cf. Figs. 7c,d to 11c,d).

d. HIGH

The HIGH composite, composed of cold surges that
do not reach low latitudes, is qualitatively similar to
climatology with a weak ridge over the western United
States and a trough over the eastern United States (not
shown); anomalies are relatively small at all levels. The
HIGH composite appears to be a less amplified version
of the COOL composite with the ridge over the western
United States rapidly weakening after day —1. Thesim-
ilarity of HIGH to climatology implies that cold-frontal
passages into central Mexico can be rather common
(section 2b), but their advance farther equatorward into
Central Americais aless frequent occurrence since the
higher-amplitude flows characteristic of COLD and
COOL surges are less likely to occur.

e. LONG

Figure 12 shows the LONG composite and anomaly
fields for day —3. Long-duration events are not nec-
essarily characterized by high-amplitude, anomalous
upper-level flows as the magnitudes of most of the
anomalies are smaller than those in COLD or COOL
(cf. Figs. 4a and 8ato 12a). LONG events also appear
to be aided by larger areas of anticyclonic anomalies
and weaker cyclonic anomalies throughout the lower
troposphere over much of the eastern North Pacific
Ocean compared to COLD or COOL (cf. Figs. 5a, 7a,
93, and 1lato 12b,d). The anticyclonic anomalies ex-
hibit less vertical tilt compared to similar anomaliesin
the COLD and COOL cases, likely indicating more bar-
otropic, slower-moving, and slower-evolving features
(in 8 days, the western United States ridge progressed
only 30° of longitude) (cf. Figs. 12a to 13a), results
consistent for long-duration cold surges over the eastern
Mediterranean region (Saaroni et a. 1996). The 1000-
hPa anticyclone associated with the cold surge origi-
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nates from over the eastern North Pacific Ocean, indi-
cating that extremely cold, continental arctic air is usu-
ally not associated with long-duration surges (Figs.
12b,c), in agreement with Fig. 1 and the modest average
AT (6.6°C) in Table 4.

After the onset of the surge and approximately mid-
way through the duration of the event (day +5), the
1000-hPa anticyclone associated with the cold surge has
taken a track similar to that in COOL (cf. Figs. 9a—d
to Figs. 12b, 13b). Confluence at 200-hPa (stronger than
in COOL, but not as strong as in COLD; cf. Figs. 4a
to 8a) over the Gulf of Mexico has developed during
this 8-day period (cf. Figs. 12ato 134), helping to main-
tain the high 1000-hPa heights over Mexico and the
southern United States (Fig. 13b). Temperatures at 850
hPa over Mexico have decreased, whereas anomalously
high temperatures in the lee of the mountains in the
central United States and Canada occurred where south-
westerly flow at 850 hPa has promoted lee troughing
(Figs. 13c,d). The 1000-hPa height at day +5 indicates
that another anticyclone centered over Colorado will
head equatorward and continue to support anomalously

except for COOL.

high heights over northern Mexico (Fig. 13b). As such,
it appears that long-duration events are sometimes char-
acterized by multiple surges from the United States,
which maintain anomalously anticyclonic flow over
eastern Mexico [e.g., Mecikalski and Tilley (1990, 260);
Colle and Mass (1995, Fig. 3, —48 h)]. For example,
during one of Reding's (1992) long-duration events (D
= 10 days, onset date: 21 January 1989), the time series
of wind speed from the central Gulf of Tehuantepec was
available owing to moored instrumentation obtained
during Tehuano, an oceanographic field program (Tras-
vifa et. a. 1995, Fig. 3). Although the wind speed in
the Gulf of Tehuantepec, while a convenient surrogate,
may not be directly related to the duration of the surge,
the single-surge event (as defined by Reding) of 21-31
January 1989 actually consisted of three separate wind
events, each exceeding 8 m s, interspersed with calm
periods.

Even if a CACS episode ends, the large-scale flow
pattern may remain nearly steady with the planetary-
scale anomalies in the appropriate locations to favor
further cold surges. To this end, the LONG composite
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composite geopotential height (solid lines every 2 dam), geopotential height anomalies from weighted climatology [dam, contoured and
shaded according to scale at bottom of figure; solid (dashed) lines surround positive (negative) values]. (c) 850-hPa composite temperature
(solid lines every 2°C), temperature anomalies from weighted climatology [°C, contoured and shaded according to scale at bottom of figure;
solid (dashed) lines surround positive (negative) values]. (d) 850-hPa composite streamfunction (thin solid lines every 2 X 10-¢ m? s71),
streamfunction anomalies from weighted climatology [*X10-¢ m? s~%, contoured and shaded according to scale at bottom of figure; solid
(dashed) lines surround positive (negative) values], 850-hPa composite isotachs of total horizontal wind (thick solid lines every 4 m s—*

starting at 8 m s7).

resembles a less amplified version of Lackmann et al.’s
(1996, Figs. 9a—g) composite for temporally clustered,
western North Atlantic cyclogenesis in which the ridge
over the western United States moves slowly eastward.
A cursory examination of Reding's cases suggests that
clustering of cold-surge events can occur and is not
uncommon (not shown). Hill (1969, chapter 4), Henry
(1979, 1079), Boyle (1986a, 917), and Chang and Chen
(1992) also recognized that cold surges showed the po-
tential for clustering with the individual events of the
cluster possessing similar properties. For the 39 cases
in Colle and Mass (1995, Table 1), the time between
successive surges was 10 days or less for six pairs of
events. These facts suggest that clustering of cold surge

events to extend the duration of an existing CACS
(LONG) or to have repeated CACSs occur within ashort
period of time is possible.

The conditions that bring about the end of a long-
duration event are investigated using the composite
LONGC (not shown) and are similar to those that bring
about the end of shorter duration events. a short-wave
trough approaches the western United States and begins
to reform over the central United States (e.g., Steen-
burgh and Mass 1994; Colle and Mass 1995) or northern
Mexico (Schultz et al. 1997), lowering the heights, and
allowing the eastward migration and/or dissipation of
the anticyclone. These results indicate that the unique
aspect about LONG is not the occurrence of an unusual
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event that causes long-duration surges to end, but the
occurrence of one or more rather ordinary conditions,
which cause the long-duration surge to be maintained:
a slower-moving planetary-scale pattern, the presence
of multiple surgesto reinforce the event, and the absence
of mobile short-wave troughs at relatively low latitudes.

f. Discussion

Although the topography of the Rocky M ountains and
the Sierra Madre undoubtedly plays an important role
in the channeling of cold surges equatorward (e.g., Ha-
rtjenstein and Bleck 1991; Colle and Mass 1995), dif-
fering planetary- and synoptic-scale flow patterns can
also be conducive to the intensity and longevity of
CACSs. Although the dynamics of the leading edge of
a cold surge occur on the mesoscale (Colle and Mass
1995; Schultz et al. 1997), specific conditions need to
be satisfied on much larger scales in order to support
the equatorward advance of the cold surge. Generally,
the composite results from this section are broadly sim-
ilar to those from other studies of cold surgesin North

America (e.g., Dalavalle and Bosart 1975; Boyle and
Bosart 1983; Konrad and Colucci 1989; Mecikal ski and
Tilley 1992; Colle and Mass 1995; Garcia 1996; Konrad
1996; Schultz et al. 1997).

The intensity of the surge (as measured by the most
equatorward extent and the temperature drop behind the
surge) appears to be related to two factors. a persistent,
narrow, high-amplitude 200-hPa ridge over the western
United States and 200-hPa confluence over the Gulf of
Mexico (e.g., Figs. 4 and 14a). As shown by Dallavalle
and Bosart (1975) and Boyle and Bosart (1983), the
persistence and narrowness of the ridge ensure that up-
per-level anticyclonic vorticity advection (and associ-
ated lower-tropospheric height rises) on the eastern flank
of the ridge favors the equatorward movement of the
lower-tropospheric anticyclone. Poleward of the conflu-
ent jet-entrance region is upper-level convergence,
which is associated with strong subsidence over thelow-
level anticyclone. Strong low-level northerlies associ-
ated with the direct secondary circulation at the jet-
entrance region enhance the cold advection into low
latitudes. That the more intense surges (COLD) tend to
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occur later in the cold season (cf. Tables 2 and 3) when
the subtropical jet stream is stronger (H. Iskenderian
1996, personal communication) is consistent with the
above argument. In contrast, the COOL surges have a
progressive, broad ridge over the western United States
and much weaker confluence, so the dynamical forcing
for the lower-tropospheric anticyclone is not as strong
(Figs. 8 and 14b). These results are consi stent with those
of Chang and Lau (1982) and Lau et al. (1983), who
show that stronger east Asian cold surges occur when
the North Pacific jet-entrance region is intensifying and
becoming increasingly more confluent. Without strong
upper-level dynamics associated with COLD surges,
strong cooling behind the surge is not likely. Neverthe-
less, even with moderate forcing, the leading edge of
COOL surges can still reach 7°-9°N. This would seem
to indicate that the topography must be playing a role
to assist the low-latitude extent of both COLD and
COOL surges.

Another factor that distinguishes COLD from COOL
surges is the path of the low-level cyclone and anti-
cyclone. Cyclogenesis in the Gulf of Mexico usually is
coincident with the movement of the surge equatorward
in the COLD cases, whereas Colorado lee cyclogenesis
typically precedesthe surgein COOL by about two days
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(cf. Figs. 59 to Figs. 14a, b). For COLD surges, the
anticyclone associated with the cold surge originates
east of the Canadian Rockies. The anticyclone remains
close to the Rockies as it heads equatorward and, there-
fore, the brunt of the cold arctic air will befeltin Mexico
and Central America (Figs. 5 and 14a). In contrast,
COOL surges tend to be associated with anticyclones
that arrive from over the eastern North Pacific Ocean
and are associated with milder maritime air (Figs. 9 and
14b). The anticyclone crosses the intermountain west
and moves into the southeast United States. In these
cases, the coldest air behind the cyclone generally
moves eastward, not equatorward into Central America.
Klein (1957, 14, 58-60) recognized these two distinct
anticyclone tracks over North America (those from the
continental polar regions and from the Pacific). In ad-
dition, the existence of a prior surge to COOL can help
to reduce the temperature decrease associated with the
surge (cf. Tables 2 and 3).

In contrast to the moderate to strong upper-level dy-
namics present in the COOL and COLD cases, much
weaker upper-level forcing is present in the HIGH com-
posite. HIGH surges do not reach equatorward of Hon-
duras and are associated with progressive and small-
amplitude anomalies that are not significantly different
from climatology. Since the upper-level dynamics are
much weaker, equatorward migration of the cold surge
islikely to be more dependent upon the interaction with
topography. In an attempt to isolate the impact of to-
pography upon the cold surge, Colle and Mass chose
their case study (13 November 1986) based on the fact
that there was weak low-latitude dynamic forcing. In-
deed, the flow aloft was neither strong nor confluent
(Colle and Mass 1995, Figs. 5c¢, 6¢, 7c, and 8c). This
cold surge did not reach MID (B. A. Colle 1995, per-
sonal communication) and, consequently, was not clas-
sified asacold surgein Reding’slisting of CACSevents.
In fact, the 13 November 1986 event was the only case
in the Colle and Mass (1995) climatology that did not
result in a CACS as defined by Reding (1992), sug-
gesting that upper-level dynamic forcing, through either
a properly situated low-latitude trough, a confluent jet-
entrance region over the Gulf of Mexico, or both, is
necessary to have a cold surge reach equatorward of
20°N. Therefore, it might be appropriate to consider a
spectrum of cold surges that ranges from those that are
primarily topographically forced given certain synoptic
conditions (the 13 November 1986 event of Colle and
Mass) to those that are more dynamically forced on the
planetary and synoptic scales [e.g., the cold surge as-
sociated with SS93 (Schultz et al. 1997)], with most
cold surges a result of both forcings.

These results are broadly consistent with previous
classifications of cold surges in the Americas. Franken-
field (1917) identified four sea level pressure patterns
that preceded wind events in Panama. The COLD com-
posite, with its Gulf of Mexico cyclogenesis and anti-
cyclone originating from south-central Canada, resem-
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bled his first type. His other three types, with charac-
teristics such as a Pacific anticyclone, central plains cy-
clogenesis, and a southeast United States anticyclone,
resemble different stages in the COOL composite. Hill
(1969) found two types of cold-frontal passagesin Mex-
ico: northern-type (resembling the COLD cases) and
Pacific-type (resembling the COOL cases). Henry
(1979) noted that cold fronts at the leading edge of an
anticyclone originating from continental arctic or con-
tinental polar regions over North America(asin COLD)
are generally oriented west-southwest—east-northeast by
the time they arrive over the Gulf of Mexico and have
abetter chance of carrying the bulk of the cold air farther
equatorward than cold fronts coming from the Pacific
Ocean, which are primarily oriented south-southwest—
north-northeast (asin COOL). Crisp and Lewis (1992)
classified anticyclones that reached the Gulf of Mexico
into those bearing continental polar air (resembling the
COLD cases) and those bearing maritime polar air (re-
sembling the COOL cases). Mecikalski and Tilley
(1992) proposed a classification scheme for cold surges
based on where the anticyclone originated: northern
class (resembling the Canadian anticyclones of COLD)
and western class (resembling the Pacific anticyclones
of COOL and HIGH). The northern class was further
subdivided (NA and NB) based on the path of the an-
ticyclone center and the most equatorward extent of the
leading edge of the cold surge. A type NA cold surge
is defined as a northern-class cold surge in which the
center of the anticyclone moved south of 40°N and the
leading edge of the surge moved south of 25°N; this
type resembles the COLD composite. A type NB cold
surge is defined as a northern-class cold surge in which
the center of the anticyclone reached between 40° and
50°N, but the leading edge did not reach 25°N. Type
NB would most closely resemble the HIGH composite,
except the anticyclone originated over Canada (NB) as
opposed to the Pacific (HIGH). And finally, Konrad
(1996) discriminated between extreme and moderate
cold-air outbreaks over the southeastern United States.
He found that extreme outbreaks were characterized by
a Canadian anticyclone, East Coast cyclogenesis, and
high-amplitude 500-hPa flow, consistent with the COLD
composite, whereas the moderate outbreaks were char-
acterized by a North Pacific anticyclone, below-normal
temperatures in the southeast United States prior to the
outbreak (suggesting a previous outbreak), an eastward-
moving central United States cyclone, and lower am-
plitude 500-hPa flow, consistent with the COOL com-
posite. Additionally, these results are also consistent
with Wu and Chan (1995, 1997), who identified north-
erly and easterly surges at Hong Kong (similar to our
COLD and COOL, respectively). Much previous work
has discussed the relationships between east Asian cold
surges and winter monsoon circulations [see Boyle and
Chen (1987) and Lau and Chang (1987) for reviews].
The paradigm that is emerging from this body of re-
search is of the acceleration of air at upper-levelsinto
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the North Pacific jet stream entrance region, favoring
strong east Asian cold surges. A local enhancement of
the Hadley and Walker circulations result, which is re-
lated to an increase in the northeast trade winds (e.g.,
Chang et al. 1979), enhanced lower-tropospheric con-
vergence and convection (e.g., Chang and Lau 1980;
Lau 1982; Lau et al. 1983; Chu and Park 1984; Chang
and Lum 1985; Chang and Chen 1992; Wu and Chan
1997), westerly wind bursts (e.g., Love 1985; Chu
1988), and increased upper-level divergence, which fur-
ther strengthens the jet and leads to downstream de-
velopment (e.g., Ramage 1968; Joung and Hitchman
1982; Lau et al. 1983; Lau and Chan 1983; Boyle
1986b). While we have presented evidence for some of
these relationships in CACSs [e.g., the increasing con-
fluence in the jet-entrance region over the Gulf of Mex-
ico (Fig. 4), the increase in the northeast trade winds
in (Fig. 7), and the amplification of troughs and ridges
downstream of the cold surge in a manner anal ogous to
downstream development (Figs. 4 and 8)], the inability
of the ECMWF analyses to adequately resolve tropical
convection and its divergence (Hoskins et al. 1983,
1610-1611; Trenberth and Olson 1988; Trenberth 1992,
8-12, 26-34) makes it difficult to convincingly docu-
ment the existence of these feedbacksin our composites.
Therefore, further research is required to draw addi-
tional parallels between east Asian and Central Amer-
ican cold surges.

4. Relationship of Central American cold surges to
El Nifio-Southern Oscillation

Asiillustrated in the previous section (e.g., Fig. 14a),
strong cold surges in Mexico and Central America usu-
ally possess a positive Pacific-North American pattern
and confluent subtropical jet over the Gulf of Mexico
and southeast United States. These features are also
found during El Nifio conditions (e.g., Douglas and En-
glehart 1981; Horel and Wallace 1981; Arkin 1982;
Gray 1984; Aceituno 1989; Cavazos and Hastenrath
1990). Therefore, it might be expected that an anoma-
lously large number of strong cold surges into Mexico
and Central America would occur during El Nifio years
when the confluent jet-entrance region is more likely to
be present over the Gulf of Mexico.

To examine this hypothesis, Fig. 15 presents a 60-yr
record of the number of cold surges in southern Mexico
[based on data in Klaus (1973, 111-112)] showing a
large degree of interannual variability ranging from O
to 27 events per cold season (September—April). With
an average of 13 events per cold season, these data are
comparableto valuesfound in this (section 2b) and other
studies (e.g., Hill 1969; DiMego et al. 1976; Henry
1979; Horvath and Henry 1980; Reding 1992). Table 5
shows that the cold season following an El Nifio year
is likely to have about twice the number of cold-frontal
passages than the cold season following a La Nifa year
(14.6 versus 7.5), results consistent with those of Yarna
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FiG. 15. Number of cold-frontal passages per month in the southern Mexico region during the cold season (September—
April) for 1899-1900 (under column labeled ““1900"") through 1959-60 (under column labeled ““1960'") and October—
November 1960 (under column for **1961""). Prepared from tabular data presented in Klaus (1973, 111-112). (Figure

courtesy of A. Seimon.)

TABLE 5. Number of cold-frontal passages in southern Mexico for
agiven calendar year (January—December) and for the following cold
season (September—April) based on data presented in Klaus (1973,
Table 2). For example, “‘next cold season” of 1900 means September
1900—April 1901. Years are defined as “'El Nifio” (N = number of
years = 17) of ““LaNifa’ (N = 11) (Halpert and Ropelewski 1992,
Tables 1 and 2, respectively).

Number of cold Number of cold

fronts fronts
Next Next
El Nifio  Calendar cold LaNifla Caendar cold
year year season year year  season
1900 9 13 1904 43 21
1905 6 17 1909 12 3
1911 14 21 1910 4 2
1912 11 15 1915 15 14
1914 24 19 1917 14 4
1918 5 4 1924 15 6
1919 2 3 1928 9 4
1923 30 23 1938 11 3
1925 6 13 1950 3 4
1930 12 13 1955 17 11
1932 11 12 1956 9 11
1940 7 12
1941 12 22
1946 17 9
1951 10 17
1953 9 13
1957 18 23
Average 11.9 14.6 Average 13.8 7.5
Std dev 6.9 5.8 Std dev 10.1 5.7

and Diaz (1986). On the other hand, the phase of ENSO
appears to have little effect on the number of cold-
frontal passages in a given calendar year (Table 5).
There is also substantial variability in the number of
cold surges that occur in non—El Nifio or non—La Nina
years (Fig. 15), indicating that the phase of ENSO is
not the only factor that affects the number of frontal
passages [also noted by Yarnal and Diaz (1986)].
These results relating ENSO to the number of cold
surges are consistent with previous research. For ex-
ample, the cold season following an EI Nifio year (con-
ditions favorable for an above-average number of cold
surges) would be characterized by below-normal tem-
peratures over the southeast United States due to the
repeated cold surges, results in agreement with those of
Halpert and Ropelewski (1992). In addition, cold surges
tend to produce a greater acceleration of the trade winds
over the eastern North Pacific Ocean (Figs. 7d and 11d).
Therefore, El Nifio years with an above-average number
of cold surges would result in generally stronger trade
winds, aprocessthat Bjerknes (1969) and Wyrtki (1975)
have noted as playing an integral role in ENSO. In ad-
dition to producing surface temperature and wind anom-
alies, a large number of cold surges would imply that
the regions of Mexico and Central America that are
favorable for orographic precipitation would be wetter
than normal. While many studies have shown correla-
tions between ENSO and annual precipitation in North
and Central America (e.g., Estoque et al. 1985; Has-
tenrath et a. 1987; Ropelewski and Halpert 1987; Rog-
ers 1988; Cavazos and Hastenrath 1990; Waylen et al.
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1994; Waylen et al. 1996a; Stone et al. 1996; Enfield
1996), they do not possess the small temporal and spatial
scales necessary to address this question adequately.
Waylen et al. (1996b) examined monthly precipitation
at 105 stations in Costa Rica and found that the pre-
cipitation at stationsin eastern (western) Costa Ricawas
negatively (positively) correlated to the Southern Os-
cillation index (i.e., El Nifio years were wetter east of
the mountains and drier west of the mountains). These
results are consistent with similar findings for Pana-
manian rainfall and ENSO (Estoque et al. 1985) and are
also consistent with our hypothesis.

This study therefore indicates that the nature of the
planetary- and synoptic-scale flow during the cold sea-
son is an important factor to the intensity and number
of cold surges, in agreement with previous studies from
North America, Central America, and east Asia. This
work also suggests that cold surges can affect the trop-
ical atmosphere and ocean through increasing the
strength of the trade winds, which are related to ENSO
as we have argued. Therefore, cold surges can be em-
ployed as a surrogate to illustrate interannual climatic
variability and can be considered integral to the global
circulation.

5. Summary

Based on a previous case study, we examined the
factors that affected the intensity and longevity of Cen-
tral American cold surges using an 11-cold-season cli-
matology of cold surges (Reding 1992). Strong cold
surges (defined as those reaching low-latitudes and bear-
ing large temperature decreases) were distinguished
from weaker cold surges by a confluent 200-hPa jet-
entrance region over Mexico and the Gulf of Mexico,
a high-amplitude persistent ridge over the western Unit-
ed States, and differing origins and paths of the anti-
cyclone responsible for the cold surge (arctic versus
Pacific origin). Long-duration events are characterized
by a slower-moving planetary-scale flow pattern, mul-
tiple surges that reinforce the event, and the absence of
mobile shortwave troughs at low latitudes. In addition,
cold surges tended to be more numerous during the cold
season after an El Nifio year, consistent with the prev-
alence of the the low-latitude jet-entrance region. This
work suggests that additional research to investigate
planetary- and synoptic-scal e flow patternsfavorablefor
cold surges associated with abundant or sparse precip-
itation (e.g., Bosart and Schwartz 1979) may be useful.
These composites could then be related to the numerous
studies of precipitation patterns associated with ENSO.
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